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Complete dissociation of sister chromatid cohesion
and subsequent induction of poleward movement
of disjoined sisters are two essential events under-
lying chromosome segregation; however, how cells
coordinate these two processes is not well under-
stood. Here, we developed a fluorescence-based
sensor for the protease separase that mediates co-
hesin cleavage. We found that separase undergoes
an abrupt activation shortly before anaphase onset
in the vicinity of chromosomes. This activation profile
of separase depends on the abilities of two of its
binding proteins, securin and cyclin B1, to inhibit its
protease activity and target it to chromosomes.
Subsequent to its proteolytic activation, separase
then binds to and inhibits a subset of cyclin B1-
cdk1, which antagonizes cdk1-mediated phosphory-
lation on chromosomes and facilitates poleward
movement of sisters in anaphase. Therefore, by
consecutively acting as a protease and a cdk1 inhib-
itor, separase coordinates two key processes to
achieve simultaneous and abrupt separation of sister
chromatids.
INTRODUCTION
The separation of sister chromatids is an irreversible step and
is one of the most drastic events to take place during the cell
division cycle. The two key events underlying this step are the
removal of cohesion between sister chromatids and the subse-
quent poleward movement of disjoined sisters (reviewed in
Oliveira and Nasmyth, 2010; Yanagida, 2009). The former is
mediated by the protease separase, which cleaves the cohesin
complex that physically holds sister chromatids together (Uhl-
mann et al., 1999, 2000). In virtually all eukaryotes, the activity
of separase is controlled by its inhibitory chaperone securin
(Funabiki et al., 1996a; Ciosk et al., 1998; Zou et al., 1999). The
latter involves proteins that regulate microtubule behavior,
including microtubule-depolymerizing kinesins (Rogers et al.,
2004) and chromokinesins (Wolf et al., 2006). Relatively little is
known about the mechanism that controls these proteins, but
it depends on a decrease in cdk1 activity, which needs to be112 Developmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Insufficiently low to induce microtubule dynamics to pull disjoined
sister chromatids apart (Higuchi and Uhlmann, 2005; Wolf
et al., 2006; Oliveira et al., 2010). These two reactions must
be coupled and ordered and must occur simultaneously on all
chromosomes in order to ensure the rapid and synchronous
nature of chromosome segregation.
The anaphase program is induced by the activity of the
anaphase-promoting complex or cyclosome (APC/C). Upon
the release from spindle assembly checkpoint (SAC) arrest, the
APC/C begins to promote proteolysis of securin and cyclin B1.
Degradation of cyclin B1 causes a decline in cdk1 activity, and
that of securin induces activation of separase, thereby pro-
moting dissociation of sister chromatid cohesion and poleward
movement of sisters (Funabiki et al., 1996a, 1996b; Ciosk
et al., 1998; Zou et al., 1999). In vertebrates, the dispensability
of securin has suggested the existence of another layer of sepa-
rase regulation (Jallepalli et al., 2001; Mei et al., 2001; Wang
et al., 2001; Pfleghaar et al., 2005). The model predicting that
cyclin B1 can also bind to and inhibit separase in metaphase
originally stemmed from observations in frog extracts in which
sister chromatid separation was inhibited by a high cyclin B1-
cdk1 activity (Stemmann et al., 2001; Gorr et al., 2005). Several
studies support the idea that this cyclin B1-cdk1-mediated regu-
lation of separase in principle has the ability to prevent premature
sister chromatid disjunction in place of securin (Huang et al.,
2005; Holland and Taylor, 2006). At the same time, the finding
that sister chromatid cohesion is largely maintained even where
separase is insensitive to both securin and cyclin B1-cdk1-
mediated inhibition has remained enigmatic. These observations
implied the existence of an as-yet-unknown mechanism of
regulation for separase in preventing premature sister chromatid
separation (Huang et al., 2005; Holland and Taylor, 2006).
Counterintuitively to the rapid and synchronous nature of
sister chromatid separation at the onset of anaphase, proteolysis
of cyclin B1 and securin proceeds only gradually throughout
metaphase. In mammalian cells, the levels of these proteins
already begin to decline more than 10 min before anaphase
onset (Clute and Pines, 1999; Hagting et al., 2002). These obser-
vations have raised the conundrum of how cells can translate
these slow reactions into an abrupt process. Provided that the
wave of separase activity causes an overwhelming stimulus for
the rapid and synchronous separation of sister chromatids,
defining the timing of separase activation would provide an
important clue to this question. However, because of the lack
of ameans to detect separase activity in living cells, it is unknown
exactly when separase becomes active and how separasec.
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vation might occur slowly in an inverse manner to the decline
of securin, or it might occur sharply, close to anaphase onset.
In this study, we developed a fluorescence-based sensor that
allows the detection of separase activity on a single-cell basis,
and, using this tool, we discovered that separase becomes
active on entire chromosome lengths shortly before anaphase.
We found that separase is kept inactive for much of metaphase
because the amount of separase-bound securin remains
unchanged while an excess separase-free pool of securin
becomes degraded. When cells expressed separase refractory
to both securin and cyclin B1 regulation, a modest but con-
stitutive separase activity was detected after the nuclear enve-
lope breakdown (NEBD), which caused the disjunction of
sister chromatids during prolonged mitosis. Significantly, under
these conditions, we found that separase failed to target chro-
mosomes. Thus, those proteins called ‘‘inhibitors’’ have abilities
not only to suppress separase’s activity but also to promote its
location to chromosomes and enable an abrupt activation at
that site. We furthermore demonstrate that the binding of sepa-
rase to cyclin B1 is facilitated in anaphase after separase
becomes active. Remarkably, this interaction becomes essential
in anaphase because it is required to ‘‘spring’’ sister chromatids
apart by inhibiting cdk1 activity. Therefore, our work identifies
two crucial roles of separase and demonstrates how it is regu-
lated to coordinate two key processes underlying chromosome
segregation.
RESULTS
A Fluorescence-Based Sensor Defines the Activation
Profile of Separase
To define the timing of separase activation, we developed a fluo-
rescence-based sensor that enables the detection of separase
activity on a single-cell basis. The reporter construct contains
a polypeptide encompassing separase-cleavage sites of Scc1
(Hauf et al., 2001) fused with green (EGFP) and red (mCherry) flu-
orophores at both ends. The construct was then localized to
centromeres or to entire chromosome lengths by fusing it to
CENP-B or histone H2B, respectively (Figure 1A). When the
construct is intact, the two fluorophores colocalize, seen as
yellow in channel-merged images. Upon cleavage of the Scc1
peptide, the green fluorophore dissociates from the target sites
while the red remains attached; thus, the yellow signal turns
red. This color change was seen neither using a sensor with
a noncleavable version of Scc1 (Hauf et al., 2001) nor in cells
depleted of separase, attesting to the specificity of the sensor
(Figure 1B; see also Figure S1A available online).
Using these sensors, the activity of separase was detected not
only at centromeres, where cohesin is mostly enriched, but also
along the entire lengths of mitotic chromosomes (Figure 1B). The
wave of activity was found to distribute simultaneously and
evenly on all the chromosomes. To quantitatively measure the
extent to which the sensor had been cleaved at a certain location
over time, we measured fluorescence intensities of EGFP and
mCherry on centromeres and chromosomes and used these to
calculate the parameter Rcut (where Rcut = 1  IEGFP/ImCherry;
see Experimental Procedures), which reflects the cumulative
ratio of cleaved Scc1 peptide mediated by active separase.DeveThe resulting quantification revealed that the activity of separase
is suppressed during much of metaphase until it becomes active
shortly before anaphase onset (Figure 1C). To provide an index
for the timing of separase activation with respect to the point
where chromatids separate, we determined the activation point,
T50, when Rcut has progressed beyond 50% of the Rcut at
anaphase onset. The mean T50 values obtained from centro-
meric and chromosomal sensors were 39.0 s (±8.4 s, n = 12)
and 47.2 s (±9.7 s, n = 16) before anaphase onset, respectively
(Figure 1D). In agreement with previous measurements (Clute
and Pines, 1999), metaphase typically lasted more than 10 min
in the HeLa cells we used (Figure S1B); our T50 values indicate
that separase became active universally onwhole chromosomes
at the end of metaphase.
We then addressed whether the activity of separase can be
likewise detected in the cytoplasm. To do this, we expressed
mitochondrial or cytoplasmic membrane-targeted or unan-
chored versions of sensor in cells undergoing the metaphase-
to-anaphase (M/A) transition. In a condition inwhich the cleavage
fragment of the chromosomal-targeted sensor was readily seen,
those of sensors targeted elsewhere in the cytoplasm were
cleavedmuch less efficiently (Figures 1E and S1C). These results
indicate that the activation of separase can be detected prefer-
entially on chromosomes. Because chromatin-bound cohesin
is known to be the preferential substrate (Hornig and Uhlmann,
2004), and the cleavability of cohesin is enhanced by the pres-
ence of DNA molecules in vitro (Sun et al., 2009), it appears
that the proteolytic substrate within the sensor is cleaved in an
analogous manner to that of endogenous cohesin.
Securin Persistently Binds and Inhibits Separase during
Much of Metaphase
The finding that separase is suppressed through much of meta-
phase motivated us to do experiments to investigate the mech-
anisms governing this effect. In an immunoprecipitation assay
using SAC-arrested cell extracts, we found that a considerable
amount of securin remained after removal of the separase-
bound fraction from the extract (Figure 2A, ‘‘flow-thru’’). One
plausible explanation for this was that the amount of securin
protein exceeds that of separase in HeLa cells, consistent with
the estimation utilizing GFP-tagged proteins (Figures S2A and
S2B) and the findings reported for budding yeast (Kaizu et al.,
2010). We also found by size-exclusion chromatography that
only a small portion of securin cofractionated with separase at
a molecular mass of around 500 kDa, and a larger amount of se-
curin was found in fractions that do not contain separase
(Figures 2B and 2C).
Thus, the surplus fraction of securin over separase may
prevent separase from becoming active as soon as APC/C
becomes active. In order to biochemically address this possi-
bility, we needed to obtain a cell population that progressed
synchronously from metaphase to anaphase. Among proce-
dures tested, we found that the release of SAC-arrested cells
by inhibiting Aurora B (Hauf et al., 2003; Ditchfield et al., 2003)
provided the best synchronous population to traverse the M/A
transition, as verified by monitoring cyclin B1 levels in living
cells (Figure S2C). By using this method, we tested cell extracts
every 5min after the addition of an Aurora B inhibitor, ZM447439,
and found that securin levels in extracts began to decline afterlopmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inc. 113
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Figure 1. Kinetic Profile of Separase Activation
(A) Sensor design. Arrows indicate cleavage sites in the Scc1 peptide. A noncleavable Scc1 peptide was generated according to Hauf et al. (2001) by substituting
amino acids underlined in the wild-type sequence, as indicated in red.
(B) Probing separase activity. The sensor was targeted to centromeres or to entire chromosome lengths by fusing the construct to CENP-B or H2B, respectively.
Still images extracted from live-cell imaging experiments were aligned on the time axis (every 100 s) according to anaphase onset, as determined by sister
chromatid separation. Scale bar, 10 mm.
(C) Quantitative analysis of separase sensor.Rcut values from the wild-type and noncleavable sensor were averaged over multiple cells (nR 11) and plotted in red
and blue, respectively (mean ± SD). Arrowheads indicate the time points where T50 values were defined.
(D) Distribution of T50 from centromere and chromosome-targeted sensors. Closed boxes indicate mean T50 values, and bars indicate SD.
(E) The Scc1 pseudopeptide is cleaved much less efficiently when the sensor is not targeted to chromosomes. Cell extracts were prepared from cells expressing
sensor targeted to chromosomes or to elsewhere in the cytoplasm and were examined for the emergence of the cleaved products by immunoblotting using GFP
antibodies. The position of the GFP-positive fragment, which is expected to emerge upon cleavage of Scc1 pseudopeptide in all types of sensor, is indicated
(arrowhead). Synchronous cell population traversing from metaphase (M) to anaphase (A) is verified by the decline of cyclin B1 (see Figure 2).
See also Figure S1.
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Dual Role of Separase at Chromosome Segregation20 min and already dropped to a nearly basal level after 30 min.
However, the level of separase-bound securin remained
unchanged and began to decline only after 30 min, when the
majority of the cells entered anaphase, as indicated by the
reversal of the upshift of the Cdc27 band (Kraft et al., 2003)
(Figures 2D and 2E). Consistent with these results, the gel
filtration analysis revealed that protein levels of securin in
separase-free fractions declined first, while the level of securin114 Developmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Incofractionating with separase remained largely unchanged
during the times tested (Figures 2F and 2G). Thus, a portion of
securin persistently binds and inhibits separase through much
of metaphase in the presence of APC/C activity. This might be
because separase-free securin serves as a better substrate
for the APC/C-mediated proteolysis or because a high binding
affinity of securin to separase maintains the level of the sepa-
rase-bound pool.c.
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Figure 2. A Subset of Securin Persistently Binds and Inhibits Separase through Much of Metaphase
(A) Coimmunoprecipitation of securin with separase. Extracts prepared from nocodazole-arrested HeLa cells in which myc-tagged separase was expressed in
place of endogenous separase (separase RNAi) were subjected to immunoprecipitation with myc antibodies, and bound (myc-IP) and unbound (flow-thru)
fractions were analyzed by immunoblotting. Themyc-tagged and endogenous separasewere detected using antibodies against myc and separase, respectively.
(B) The major fraction of securin does not cofractionate with separase in a SAC-arrested cell extract. Nocodazole-treated cell extracts were fractionated by gel-
filtration chromatography, and resulting fractions were analyzed by immunoblotting.
(C) Quantitative measurements of the fractionation analysis in (B). Intensities were normalized to that of fraction 23.
(D) Separase-bound securin becomes degraded later among the total population. Samples were obtained every 5 min after 10 min from the checkpoint release
and were subjected to immunoprecipitation analysis using separase 8989 antibodies. Securin in the total cell extract and the separase-bound fraction were
analyzed by immunoblotting. The swift mobility conversion of Cdc27 indicates a synchronous transition of the cell population into the anaphase-like state.
(E) Kinetics of securin degradation. Signal intensities of securin in the indicated fractions aremeasured and plotted over time after subtracting theminimum values
at 40 min from all data points and setting their levels at time 0 to 1.0 (mean ± SD; n = 3).
(F) The protein level of separase-free securin declines first. Cell extracts obtained at the indicated times were fractionated and analyzed as in (B). To compare
signal intensities among different blots, fraction 23 from the time 0 extract was used as a reference (Ref.).
(G) Relative changes in securin level are plotted. Fraction 23 at time 0 was set to 1.0.
See also Figure S2.
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Dual Role of Separase at Chromosome SegregationPhysiological Relevance of Cyclin B1 Binding
to Separase before Anaphase
The persistent binding of securin to separase would explain
how separase remains inactive during much of metaphase.
However, there are a number of observations that question the
significance of securin in regulating separase activity in mam-
malian cells (Jallepalli et al., 2001; Mei et al., 2001; Wang et al.,Deve2001; Pfleghaar et al., 2005). An alternative way to suppress sep-
arase activity is through the binding to cyclin B1, an interaction
that depends on the phosphorylation of the Ser1126 residue
in human separase (Ser1121 in mouse) (Stemmann et al.,
2001; Gorr et al., 2005). Despite the biochemical evidence for
cyclin B1 having the capacity to inhibit separase, its role in pre-
venting chromosome disjunction has been demonstrated onlylopmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inc. 115
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Figure 3. Physiological Relevance of Cyclin
B1 Binding to Separase before Anaphase
(A) Replacement of endogenous separase with
myc-tagged mouse separase in human cells.
Expression of endogenous separase was sup-
pressed by RNAi in HeLa cell lines stably
expressing either wild-type (WT) separase or
nonphosphorylatable Ala mutant for Ser1121 (SA)
from BAC transgenes (lanes 1–6). Expression of
securin was further suppressed in WT- or SA-
replaced conditions (lanes 7–10).
(B) Left: kinetics of separase activation in WT-
and SA-replaced cells, as plotted in Figure 1C
(mean ± SD; WT-repl., n = 12; SA-repl., n = 14).
Gray and blue arrowheads indicate the time points
where T50 values were defined in WT- and SA-
replaced cells, respectively. Right: relative sepa-
rase activity at the onset of anaphase. The first
differentials of fitted curves of Rcut traces were
calculated, and values at anaphase onset were
compared, by normalizing with the mean values
for WT-replaced cells (mean ± SD). Gray and blue
arrowheads indicate the time points where T50
values were defined in WT- and SA-replaced cells,
respectively.
(C) Distribution of T50 values for the chromosome-
targeted sensor in WT- and SA-replaced cells,
shown as in Figure 1D.
(D) Loss of sister chromatid cohesion during pro-
longed mitosis in cells bearing separase refractory
to both securin- and cyclin B-mediated inhibition.
WT- and SA-replaced cells that had been depleted
of securin were treated with nocodazole for 12 hr.
Mitotic cells were shaken off, and spread chro-
mosomes were stained with Giemsa solution.
About 80% of securin-depleted SA-replaced cells
showed unpaired sister chromatids, whereas less
than 5% were observed in the other conditions.
(E) Precocious disjunction of sister chromatids
occurs in unchallenged conditions when separase
is refractory to both securin- and cyclin B1-mediated inhibition. Expression of securin was suppressed by 24 hr RNAi in HeLa cells, in which endogenous separase
is replaced with myc-tagged wild-type (WT-repl.) or SA mutant (SA-repl.), or in the parental line. Through live-cell imaging analysis, 50 mitoses were classified
as ‘‘normal anaphase,’’ in which all sister chromatid pairs separated simultaneously, or as ‘‘premature disjunction,’’ in which chromatid pairs separated randomly
during sustained mitosis.
See also Figure S3.
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Dual Role of Separase at Chromosome Segregationconditionally (Huang et al., 2005; Holland and Taylor, 2006). We
observed that the bulk of cyclin B1 did not cofractionate with
separase in a SAC-arrested cell extract, discounting the signifi-
cance of its inhibitory role before anaphase (Figure 2B).
With the use of our separase sensor, we sought to reinvesti-
gate the role of cyclin B1 in controlling the proteolytic activity
of separase. To do this, we generated HeLa cell lines that stably
express myc-taggedmouse separase bearing an alanine mutant
at Ser1121 (SA) to abolish the binding of cyclin B1 to separase,
using the wild-type (WT) version as a control. To obtain a physio-
logical range of expression levels, we used a bacterial artificial
chromosome (BAC)-mediated transgene (Poser et al., 2008; Fig-
ure S3A). In these cell lines, endogenous separase was depleted
and largely replaced with either of the myc-tagged mouse forms
of separase (Figure 3A, lanes 4 and 6). We could show that
mouse separase is functional in human cells, because the
kinetics of separase activation inWT-replaced cells was compa-
rable to those in control mitoses (Figure S3B). Consistent with
previous studies, WT separase bound to cyclin B1 more effi-116 Developmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inciently in the absence of securin (Gorr et al., 2005; Figure S3C).
As expected, SA separase failed to bind to cyclin B1, irrespective
of the level of securin.
Notably, the kinetics for separase activation in SA-replaced
cells were nearly identical to those in WT-replaced cells (Fig-
ure 3B, left). The activity of separase should be reflected by
the first differential of the Rcut curves reached at similar levels
at anaphase onset in WT- and SA-replaced cells (Figure 3B,
right). In addition, the resulting T50 values were distributed in
a similar range (Figure 3C). These results are consistent with
the idea that the binding of cyclin B1 to separase is dispensable
for separase regulation prior to anaphase in securin-proficient
cells.
Separase Is Less Efficiently Targeted to Chromosomes
When It Binds to Neither Securin nor Cyclin B1
To address the cellular consequences of when separase is
refractory to securin- and cyclin B1-mediated inhibition, we
doubly inactivated both mechanisms by depleting securin inc.
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Figure 4. Securin and Cyclin B1 Not Only Suppress Separase Activity but Also Support Chromosomal Localization of Separase
(A and B) Probing separase activity after securin depletion in WT- or SA-replaced cells.
(A) The H2B-targeted chromosomal sensor (wild-type Scc1) was used to probe separase activity. Still images were extracted from live-cell imaging experiments
and aligned on the time axis according to NEBD (min). Note that sister chromatids became progressively disjoined during sustainedmitosis in SA-replaced cells in
the absence of securin (bottom panels). Scale bar, 10 mm.
(B) The sensor detected separase activity on chromosomes immediately after NEBD with separase refractory to securin- and cyclin B1-mediated inhibition. The
Rcut traces were alignedwith respect to NEBD (red line; mean ± SD, n = 4). Notably, unlike the activation kinetics in a securin-depletedWT-replaced cell (gray line),
only amodest activity of separasewas detected on chromosomes under these conditions (red line). A small increase and decrease of the gray line around time 0 is
also observed with the noncleavable sensor (dotted black line), indicating that these irregular traces do not reflect the cleavage of pseudosubstrate.
(C and D) Chromosomal enrichment of separase is reduced when securin and cyclin B1-mediated mechanisms are doubly inactivated.
(C) Immunofluorescence microscopy of spread chromosomes localizes separase on chromosomes. Note that chromosomal localization of separase immu-
nostained with myc antibodies is abolished when securin is depleted in SA-replaced cells. Bar indicates 10 mm.
(D) Total cell extracts (left panels) and the corresponding chromosome-enriched fractions (right panels) were prepared from nocodazole-arrested mitotic cells
and subjected to immunoblotting analysis with antibodies to myc, securing, and cyclin B1. Immunoblots of a-tubulin and histone H2B serve as references for the
fractionation and loading.
See also Figure S4.
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Dual Role of Separase at Chromosome SegregationSA-replaced cells (Figure 3A, lanes 8 and 10). We immediately
noticed that many of these cells were delayed in mitosis, with
disjoined sister chromatids dispersed in the cytoplasm, under
nocodazole-arrested (Figure 3D) and unperturbed conditions
(Figure 3E). Analyzing the live-cell recordings, we found that
the majority of securin-depleted SA-replaced cells displayed
premature disjunction of sister chromatids during prolonged
metaphase (Figures 3E and 4A). These premature disjunctions
were rarely seen in the control, namely securin-depletion in the
WT-replaced background.
Importantly, the separase sensor indicated that, in these
securin-depleted SA-replaced cells, suppression of separaseDevewas impaired. Instead of being completely inactivated through
metaphase, the quantified Rcut followed a linear increase already
from NEBD (Figure 4B). The linearity of the traces implies that
the activity of separase was constantly, albeit modestly, de-
tected on chromosomes as soon as the nuclear envelope
disintegrated, when separase, which had been excluded from
nucleus in interphase and prophase, was able to gain access
to chromosomes (Figure S4A). Based on these observations,
it is conceivable that separase is constitutively active when it
does not bind to securin or cyclin B1 and thereby elicits prema-
ture disjunction of sister chromatids after a prolonged period
of mitosis.lopmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inc. 117
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Figure 5. Significance of Binding between Separase and Cyclin B1 in
Anaphase
(A) Sister chromatids separate slowly in the absence of cyclin B1 binding to
separase. Left panels: representative kymographs of separating sister chro-
matids are shown in increments of 10 s starting from anaphase onset. The
montage alignment for the kymographs was obtained from the middle part
of the metaphase plate extracted from a sequence of time-lapse images of
H2B-mCherry, as exemplified in Figure S4. Vertical and horizontal bars indi-
cate 30 s and 10 mm, respectively. Right: velocities of the poleward movement
of disjoined sister chromatids were calculated from the live-cell imaging
recordings and were determined as being 39.0 ± 12.2 nm/s and 28.6 ±
8.3 nm/s in WT-replaced and SA-replaced cells, respectively (mean ± SD,
nR 12; t test, p = 0.017).
(B and C) Interaction of separase with securin and cyclin B1 during the
metaphase-to-anaphase transition. Monastrol-arrested cells were treated
with an Aurora B inhibitor to release them from the checkpoint arrest (at time 0),
and thereafter cell extracts were prepared every 5min as cells progressed into
an anaphase-like state. Protein levels of securin and cyclin B1 in total cell
extracts (TCE) and separase-bound fractions were analyzed by immunoblot-
ting. The loaded amounts of TCE are comparable to 3% of those of separase-
bound samples. A representative result from WT-replaced cells (B) and
SA-replaced cells (C) is shown.
See also Figure S5.
Developmental Cell
Dual Role of Separase at Chromosome SegregationWe estimated that the separase activity detected on chromo-
somes under this condition was as low as 2% of the maximum
Rcut inclination of proficient separase. Of note, our results also
imply that separase binding to securin, or to cyclin B1, is required
to enable an abrupt activation on chromosomes. A fraction of
separase is found to localize on chromosomes in mitosis
(Figures 4C, S4A, and S4B; Sun et al., 2009). However, we found
that separase failed to target chromosomes under the condition
in which separase could bind neither to securin nor to cyclin B1
(Figures 4C and S4B). Consistent with these results, chromatin
fractionation analysis revealed a decreased level of separase in
the chromosome-enriched fraction from securin-depleted SA-
replaced cells when unchanged in total cell extract (Figure 4D).
These results suggest that chromosomal localization of sepa-
rase depends on the binding of separase to securin or cyclin B1.
Binding between Separase andCyclin B1 Is Required for
the Anaphase Movement of Unpaired Sister Chromatids
The finding that depletion of securin causes precocious sepa-
rase activation and premature disjunction in SA-replaced cells
but not in WT-replaced cells is consistent with the proposed
idea that cyclin B1 can bind separase and restrain its preco-
cious activation in place of securin before anaphase (Huang
et al., 2005; Holland and Taylor, 2006). In the following
anaphase, however, we noticed that SA-replaced cells failed
to carry out the rapid movement of unpaired sister chromatids
toward opposite poles, and sisters stayed in the vicinity of the
metaphase plate for longer periods of time (Figures 5A and
S5). These unexpected observations prompted us to analyze
the interaction between separase and cyclin B1 in anaphase;
for this, we employed the procedure described in Figure 2D,
which allowed the population to traverse metaphase to
anaphase synchronously.
Significantly, we found that cyclin B1 coprecipitated with sep-
arase at later time points during the M/A transition, whereas this
coprecipitation was undetectable in SAC-arrested cells (Fig-
ure 5B). This cyclin B1 binding to separase was abolished in
the S1121A mutant, suggesting that dampening of the rapid
poleward movement was causally related to separase’s inability
to associate with cyclin B1 in anaphase (Figure 5C). Therefore,
although cyclin B1 binding is dispensable for separase regula-
tion in metaphase, it seems to become relevant in anaphase.
Furthermore, in immunoprecipitation experiments, we found
that securin primarily binds to full-length separase, whereas
cyclin B1 binds specifically if not exclusively to the cleaved
form of separase in the anaphase extract (Figure 6A). Because
this autocleaved form of separase is generated by its own
proteolytic activity (Zou et al., 2002; Waizenegger et al., 2002),
these results imply that binding to cyclin B1 occurs after sepa-
rase becomes active.
Separase Promotes the Reversal of Cdk1-Mediated
Phosphorylation on Chromosomes at Anaphase Onset
There are compelling data indicating that separase inhibits cdk1
activity through the binding to cyclin B1 in Xenopus egg extract
(Gorr et al., 2005), which prompted us to examine whether the
binding of separase to cyclin B1 in anaphase contributes to
cdk1 inhibition at this mitotic stage. In line with this possibility,
it has been shown that an insufficient decline of cdk1 activity118 Developmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inperturbs anaphase chromatid movement after releasing cohe-
sion (Wolf et al., 2006; Oliveira et al., 2010), the phenotype remi-
niscent to anaphases in the SA mutant condition (Figure 5A).
To test the idea that separase inhibits cdk1 in anaphase to
achieve the rapid separation of sister chromatids, we measured
cyclin B1-associated cdk1 activity and asked whether the
decline of cdk1 activity in anaphase was dampened in SA-
replaced cells. Contrary to our expectations, no detectable
difference in cdk1 activity was revealed between the SA and
WT background, when cyclin B1 was immunoprecipitated from
total cell extracts of anaphase-enriched populations (Figure 6A).
However, when we prepared the fraction of cyclin B1-cdk1
bound to separase at stoichiometric levels and compared
its kinase activity to the unbound form, we found that cdk1
activity was markedly inhibited in the separase-bound fraction
(Figure 6B). In these experiments, we noticed that a consider-
able amount of cyclin B1-cdk1 was still detectable even after
removing the separase-bound fraction from the extractc.
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Figure 6. Activated Separase Inhibits a Subset of theCyclin B1-Cdk1
Complex in Anaphase
(A) Preferential binding of cyclin B1 to the cleaved form of separase. The
anaphase-enriched cell extracts of WT- or SA-replaced cells were prepared
from cells collected at 40 min after monastrol release (as in Figures 2 and 5),
and cyclin B1- and securin-bound proteins were analyzed by immunoblotting
for separase-myc, as indicated. Arrowheads indicate the full-length and
cleaved forms of separase. Concomitantly, cyclin B1-associated kinase
activity against histone H1 was measured.
(B) Separase binds to and inhibits only a subset of the cyclin B1-cdk1 complex
that remains in anaphase extracts. Anaphase-enriched extracts from WT-re-
placed cells were prepared as in (A) and subjected first to immunoprecipitation
(IP) with separase antibodies to obtain ‘‘separase-bound cyclin B1-cdk1.’’ The
separase-unbound, flow-through fraction was subsequently subjected to IP
with cyclin B1 antibodies to obtain ‘‘separase-free cyclin B1-cdk1.’’ The
separase-bound and serial dilutions of the separase-free IP samples were
analyzed by immunoblotting with the indicated antibodies and were compared
for the cyclin B1-associated kinase activity against histone H1 (right panels).
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Deve(Figure 6B; separase-free fractions). Thus, in an anaphase-en-
riched extract, in which the bulk of cyclin B1 had already been
degraded, separase binds to a subset of cyclin B1 and inhibits
the cdk1 activity. Remarkably, we found a significant amount
of separase-bound cyclin B1 in the chromosome-enriched
fraction prepared from an anaphase population (Figure 6C).
From a serial dilution of the immunoprecipitated cyclin B1, we
estimated that more than 20% of cyclin B1 in that fraction was
bound to separase.
To verify these biochemical data in cells undergoing
anaphase, we assessed the stability of cdk1-mediated phos-
phorylation of INCENP, specifically at Thr59, whose dephos-
phorylation is known to take place at the onset of anaphase
(Goto et al., 2006). In immunofluorescence microscopy, we
found that INCENP Thr59 remained phosphorylated on chro-
mosomes during anaphase of SA-replaced cells (Figure 6D). In
these cells, the chromosomal passenger complex did not readily
transit from chromosomes to the central spindle (Figure 6D),
consistent with the notion that dephosphorylation of INCENP
on Thr59 is required for this transition (Hu¨mmer and Mayer,
2009). These results indicate that active separase binds to and
inhibits a subset of cyclin B1-cdk1 in anaphase, including that
distributed on chromosomes. Because separase becomes
active on chromosomes (Figure 1), a plausible possibility is
that separase-mediated inhibition of cdk1 on chromosomes is
required to trigger the rapid poleward movement of sister chro-
matids. Consistent with this notion, we found that treatment
of the metaphase cells with a cdk1 inhibitor can rescue the
dampened anaphase poleward movement seen in SA mutant
(Figure S6).
DISCUSSION
Two Functions of Separase Regulated by the Sequential
Binding to Securin and Cyclin B1
Two essential processes underlying sister chromatid separation
are the complete dissociation of cohesin and the induction of
poleward chromosome movement. Our data are consistent
with the idea that separase is a key enzyme coordinating these
two events by serving two consecutive functions, i.e., first to(C) Detection of separase-bound cyclin B1 in the chromosome-enriched
fraction in anaphase. Metaphase (M) and anaphase (A) populations were
collected fromWT- or SA-replaced cells using themonastrol block and release
protocol as in (A), and chromosome-enriched fractions were subjected to
immunoprecipitation with myc antibodies. The resulting separase-myc-bound
proteins were analyzed by immunoblotting with cyclin B1 antibodies. Immu-
noblots of a-tubulin and histone H2B serve as references for the fractionation
and loading. The loaded amounts of TCE and of chromosome-enriched frac-
tions are comparable to 10% of those of separase-bound samples. The serial
dilution of the separase-bound cyclin B1 thus estimates that 20% of chro-
mosomal cyclin B1 is bound to separase in anaphase.
(D) The chromosomal-passenger complex remains associated with chromo-
somes in anaphase with persistent phosphorylation on INCENP when sepa-
rase cannot bind to cyclin B1. WT- and SA-replaced cells were fixed and
stained with antibodies to INCENP (green) and INCENP phospho-Thr59 (pT59,
red). DNA was stained with DAPI to indicate anaphase cells and separating
chromosomes. Scale bar, 10 mm. Fluorescence intensities of pT59 staining on
anaphase chromosomes were compared by setting the averaged value of the
SA-replaced condition to 1.0 (mean ± SD; n = 10; t test, p < 0. 00001).
See also Figure S6.
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cdk1 activity silencedcohesin cleavage
separase
A
B C
Figure 7. A Model Predicting How Two Functions of Separase Coor-
dinate Two Anaphase Processes
(A) Separase activity does not become active as soon as APC/C is activated
because excess amount of separase-free securin declines first, and the
binding between securin and separase persists until the end of metaphase.
(B) Because securin and cyclin B1 function not only to support separase
activity but also to support the localization of separase to chromosomes,
separase becomes active on chromosomes when it is released from these
inhibitors. The active separase on chromosomes mediates cleavages of co-
hesin as well as of itself.
(C) In anaphase, the autocleaved form of separase facilitates binding to cyclin
B1. Among cyclin B1-cdk1 complexes that had declined to one-fifth of the
metaphase level, separase binds to and inhibits a subset of the complex, but
this interaction is crucial to induce the rapid poleward movement of disjoined
sisters.
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chromosomes. We suggest that switching from the first function
to the second is largely mediated by the handover from securin
to cyclin B1 during the M/A transition (Figure 7). This is not to
imply that cyclin B1 does not participate at all in inhibiting sepa-
rase during metaphase. Taking into account the compensatory
regulation of separase between securin and cyclin B1 (Gorr
et al., 2005; Huang et al., 2005; Holland and Taylor, 2006;
Figure 3), we speculate that there is a minor contribution from
cyclin B1 even in the presence of securin. Consistent with this
idea, we could detect a small amount of cyclin B1 in a separase
immunoprecipitate prepared from SAC-arrested cell extract, as
previously reported (Gorr et al., 2005). However, because the
same assay indicated that a much greater amount of cyclin B1
bound to separase in anaphase than it did in metaphase (Fig-
ure 5), the simplest interpretation is that binding of cyclin B1 to
separase has its primary significance in anaphase.
The mechanism by which separase changes its binding
partner from securin to cyclin B1 is still unknown. Because se-
curin is known to have a higher affinity for separase than cyclin
B1 does (Gorr et al., 2005), release of securin might promote
cyclin B1 to bind to separase next. But, in fact, the protein levels
of both securin and cyclin B1 decline with similar kinetics, and
they are not yet completely degraded when cells commence
anaphase (Figure S1B). Thus, the competition between securin
and cyclin B1 for separase binding alone would not be sufficient
to secure this switching, which might also involve a confor-
mational change of separase. Notably, we found that securin120 Developmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inprimarily binds to full-length separase, whereas cyclin B1 prefer-
entially binds to the cleaved form (Figure 6). Because the cleaved
form of separase is generated by its own proteolytic activity
(Zou et al., 2002; Waizenegger et al., 2002), a plausible model
would be that the release from securin at the end of metaphase
induces the activation of separase and mediates cleavage of
cohesin as well as of separase itself, which in turn facilitates
the recruitment of cyclin B1 to separase (Figure 7).
Regulation of Separase in Space and Time
The development of the separase sensor allowed us to articulate
the spatiotemporal regulation of separase in mitosis, which had
remained ambiguous as long as sister chromatid separation was
used as a readout for its activation (Holland and Taylor, 2008).
The sensor indicated that the activity of separase is suppressed
for much of metaphase and gains its activity only at 100 s
before anaphase onset (Figure 1). Thus, the profile of separase
activation does not directly mirror the rate of securin proteolysis,
whose degradation kinetics largely fit to a linear function
throughout metaphase (Hagting et al., 2002; Figure S1B).
Instead, due to the preferential decay of separase-unbound frac-
tion of securin, there is a delay to the triggering of separase
activity after the moment when the APC/C becomes active (Fig-
ure 2). It would be interesting to find out whether and how a posi-
tive feedback loop proposed in budding yeast, which involves
securin proteolysis and reversal of cdk1 activity, mediates the
abrupt activation of separase (Holt et al., 2008). Although only
a part of cellular separase appears to target chromosomes
(Sun et al., 2009; Figure S4A), the sensor detected a burst activity
on whole chromosome lengths when cytoplasmic sensors could
detect it much less efficiently (Figure 1). We reasoned that
inducing the proteolytic activity of separase on entire chromo-
some lengths enables a simultaneous removal of cohesin
complexes from centromeres and chromosome arms (Gime´-
nez-Abia´n et al., 2004; Nakajima et al., 2007).
One of the most remarkable findings with the sensor is that
securin, or cyclin B1 in the case in which securin is absent, is
required not only to suppress the protease activity but also to
support the chromosomal localization of separase (Figure 4).
This implies that it is the only fraction of separase that had
been targeted to chromosomes that can efficiently cleave cohe-
sin once it is released from securin or cyclin B1 inhibition.
A quantitative analysis using the sensor allowed us to estimate
that, under these conditions, chromosomes were exposed
continuously to only 2% of the separase activity that they
would have gained in normal mitoses.We do not know at present
whether the protease activity of separase per se is attenuated
without securin or cyclin B1 binding, but our observations under-
score the significance of separase’s localization to chromo-
somes to enable its abrupt activation at that site.
It has been observed that even when both securin- and cyclin
B1-mediated inhibition were inactivated, sister chromatids did
not readily separate after NEBD, and cohesion was maintained
long enough to reach anaphase (Huang et al., 2005) or to allow
chromosomes to congress to the metaphase plate (Holland
and Taylor, 2006). The mechanistic grounds for these outcomes
had remained enigmatic, but based on the inhibitor-mediated
loading mechanism (Figure 4), it is conceivable that separase
could cleave cohesin complexes on the chromosome onlyc.
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idea, the phenomenological difference between these two
experiments can presumably be explained by the amount of
inhibition-insensitive separase in the cell; it is expressed at
endogenous levels in one case (Huang et al., 2005) or in excess
in the other (Holland and Taylor, 2006). Furthermore, cells might
either progress through anaphase (Huang et al., 2005) or result
in a catastrophic separation of single sisters during the check-
point-arrested state (Holland and Taylor, 2006). These differ-
ences in cell fate might also depend on the amount of liberated
separase, because it would affect whether or not sister chro-
matid cohesion could withstand the separase ‘‘attack’’ during
the time frame between NEBD and anaphase onset. Thus, this
inhibitor-mediated loading mechanism prevents missegregation
of sisters by sequestering separase from chromosomes when
the protease becomes active prematurely, which may also tran-
siently occur during the physiological progression of mitosis.
Relevance of Separase Inhibition of Cdk1 in Anaphase
The M/A transition is driven by the decline of cdk1 activity (Parry
and O’Farrell, 2001; Luca et al., 1991; Ghiara et al., 1991), and
cells fail to undergo swift anaphase chromatid movement if
cdk1 activity persists (Parry et al., 2003;Wolf et al., 2006; Oliveira
et al., 2010). When the cell reaches anaphase, a large fraction
of cellular cyclin B1 is degraded, lowering the protein concen-
tration of cyclin B1 by 20% of the prometaphase level (see
Figure S1B). Our observations with the separase SA mutant
indicated that decreased activity of cdk1 associated with cyclin
B1 proteolysis alone is not sufficiently low for the anaphase
spindle to ‘‘spring’’ unpaired sister chromatids apart: the activity
of cdk1 needs to be further suppressed by separase (Figures 5
and 6).
It is noteworthy that separase binds to and inhibits a subset of
the cyclin B1-cdk1 complex among that remaining in anaphase
(Figure 6). Specifically, consistent with the finding that separase
becomes active on chromosomes (Figure 1), a considerable
amount of cyclin B1 in the chromosome-enriched fraction was
estimated to be bound to separase in anaphase (Figure 6C).
It will be important in the future to investigate how separase-
mediated reversal of cdk1 phosphorylation induces the rapid
poleward movement of sister chromatids. We consider it likely
that dephosphorylation of chromosomal proteins, including
those at centromeres and kinetochores, triggers the anaphase
chromosome movement, though the proteins at other locations,
e.g., the mitotic spindle, might also involved.
How Might Cells Benefit from Separase Having Both
Proteolytic and Cdk1-Inhibiting Activities?
In budding yeast, separase has been known to promote the
dephosphorylation of cdk1 substrates by releasing the phos-
phatase Cdc14 from the nucleolus into the cytoplasm through
the Cdc fourteen early-anaphase release (FEAR) pathway
(Pereira and Schiebel, 2003; Stegmeier et al., 2002). In mam-
malian cells, counterparts of yeast Cdc14 have not been
implicated in this context (Rock and Amon, 2009). Instead of
employing a phosphatase, mammalian separase on its own
inhibits cdk1 to antagonize cdk1 activity. That is, separase has
a conserved role in antagonizing cdk1 activity in anaphase. In
meiotic cell division, separase inhibition of cdk1 is required forDevepolar body exclusion (Gorr et al., 2006). It is therefore possible
that the function of separase might be involved in a wider range
of processes to complete mitosis.
Why have both protease and cdk1-antagonizing activities
been assigned to separase in mammalian cells? One possibility
is that this should potentiate a prompt and efficient processing
from the removal of cohesin to the separation of sister chroma-
tids, which presumably is advantageous for chromosome
segregation in mammals, because genome size had increased
during evolution. Another, more rational, possibility is that this
renders two anaphase processes strictly ordered and coupled,
the significance of which has been indicated in a number of
observations. For example, forcing the poleward movement to
occur ahead of schedule results in multiple chromosomal
bridges (Potapova et al., 2006). Dissociation of sister chromatid
cohesion without a decline of cdk1 activity gives rise to a cata-
strophic separation of sisters (Salic et al., 2004; McGuinness
et al., 2005). By controlling cohesin cleavage and cdk1 inactiva-
tion sequentially, separase coordinates two key events to
conduct chromosome segregation safely. How the wave of
proteolytic activation instantly extends over all chromosomes
and how malfunction of separase might cause chromosomal
instability in cancers are important questions for the future.EXPERIMENTAL PROCEDURES
Sensor Construction
The separase sensor was generated in pIRESpuro2 backbone (Invitrogen) by
fusing EGFP and mCherry in frame to both ends of the Scc1 fragment (amino
acid 142–467). To target this construct to centromeres, chromosomes, plasma
membrane, or mitochondria, we fused human CENP-B (full-length), human
histone H2B (full-length), myristoylation signal from c-src (Sigal et al., 1994),
or the N-terminal sorting signal of Tom70p (Kessels and Qualmann, 2002)
in frame to the amino terminus of the sensor, respectively. HeLa cells were
transfected with the corresponding plasmids using FuGENE6 reagent (Roche)
and were analyzed 24–48 hr after the transfection.Live-Cell Imaging Analysis
Cells were placed into CO2-independent medium without phenol red
(GIBCO) on Lab-Tek chambered coverslips (Nunc), and the chamber lids
were sealed with silicone grease. Images were captured every 10 s, with
50 ms exposure times, through a 1003/1.40 NA Plan Apochromat oil objec-
tive lens mounted on an inverted microscope (IX-71; Olympus) equipped with
a CoolSNAP HQ CCD camera (Photometrics). For data analysis, obtained
images were processed using ImageJ software (NIH). Regions of centro-
meres (CENP-B) or chromosomes (H2B) were determined in the mCherry
channel by thresholding. The mean fluorescence intensities of these defined
regions were then determined for EGFP and mCherry and normalized to the
value at time point 350 s before anaphase onset (IEGFP or ImCherry, respec-
tively). Rcut = 1  IEGFP/ImCherry values from each time point were plotted.
Curves were fitted for Rcut values of each experiment, and times when the
curves cross the 50% of the Rcut at the anaphase onset were determined
as T50.Immunoprecipitation
Cells were lysed by incubation in IP buffer (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 20 mM b-glycerophosphate, 5 mMMgCl2, 0.1% NP-40, protease inhib-
itors [Complete Mini EDTA-free, Roche], 1 mM DTT), supplemented with
100 nM okadaic acid and 0.25 U/L benzonase nuclease (Novagen), for
20 min on ice. Cell extracts, after removing the insoluble fraction by centri-
fugation at 15,000 rpm for 30 min at 4C, were used for immunoprecipitation.
Typically, 10 ml of agarose beads conjugated to anti-myc-tag (MBL), or protein
A (Bio-Rad) beads coupled to the indicated antibodies, were incubated withlopmental Cell 23, 112–123, July 17, 2012 ª2012 Elsevier Inc. 121
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Dual Role of Separase at Chromosome Segregationcell extracts for 2 hr at 4C, then washed three times with IP buffer and three
times with TBS-T (150 mM NaCl, 20 mM Tris pH 8.0, 0.05% [v/v] Tween 20).
Cells and Chromosome Spreads
To obtain synchronous cell population traversing the M/A transition, logarith-
mically proliferating HeLa cells were treated with 100 mM monastrol (Tocris
Biosciences) for 12 hr. Mitotic cells were then collected and treated with
5 mM ZM447439 (Tocris Biosciences) for the time stated before being
harvested for immunoprecipitation or size exclusion analyses. Immunofluores-
cence microscopy of chromosome spreads was performed essentially as
described (Nakajima et al., 2007).
Size-Exclusion Chromatography
Collected cells were washed twice with ice-cold PBS and snap-frozen in liquid
nitrogen. Cells were resuspended in IP buffer (see above) supplemented with
100 nM okadaic acid and 0.25 U/L benzonase nuclease (Novagen), incubated
for 20 min on ice, centrifuged at 15,000 3 g for 10 min, then clarified by
Ultrafree Centrifugal Filters (0.45 mm, Millipore) before loading on Superose
6 10/300 GL (GE Healthcare). The column was run at a flow rate of 0.4 ml/min
in IP buffer, and 250 ml fractions were collected.
Chromatin Fractionation
Nocodazole-arrested mitotic HeLa cells were collected by shake off. After
washing with PBS, cells were lysed on ice for 10 min in a buffer consisting of
10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10%
glycerol, 1 mM dithiothreitol, 0.25% Triton X-100, and protease inhibitor
cocktail (Complete Mini EDTA-free, Roche). Chromosome-enriched fractions
were collected by low-speed centrifugation at 1,300 3 g for 5 min and were
washed twice with the same buffer.
Histone H1 Kinase Assay
After extensive washing, immunoprecipitated samples were suspended in IP
buffer (see above) supplemented with 100 nM okadaic acid, 0.1 mg/ml
of histone H1 (Roche), 80 nM ATP (pH 7.5), and 10 mCi of [g 32P]ATP and
incubated for 20 min at 25C. The reaction was stopped by the addition of
SDS sample buffer, and phosphorylated substrates were detected by SDS-
PAGE and autoradiography.
SUPPLEMENTAL INFORMATION
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